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The u s e  of  oxygen under  h igh  p res su re  (Oilp) f o r  medical  and s c r ~ i c s l  

purpo se s ('-'I and 100% oxygen f o r  space cab in  have r-::ki:nu- 

l a t e d  renewed i n t e r e s t  i n ;  and provided a uiliquc oppor tun i ty  € o r  stiic!j, o f ,  

t h e  biochcinical  and f u n c t i o n a l  changes t h a t  occur  dur ing  c s p o s u r e  oi sni- 

m a l s  o r  h m a n s  t o ' h i g h  oxygen environments.  The p o s s i b i l i t y  occurred  t o  us  

t h a t  a hy?? ros i c  environment might  enhance o x i d a t i o n  of  compounds i n  cxczss  

of  t h a t  wnich would occur  under  normal phys io log ic  cond i t ions .  A s p e c i f i c  

c o n s i d e r a t i o n  was t h e  p o s s i b l e  -- i n  vivo pe rox ida t ion  of  u n s a t u r a t e d  f a t t y  

a c i d s .  

Unsa tura ted  f a t t y  a c i d s  r e a d i l y  a u t o x i d i z e  i n  v i t r o  t o  form l i p i d  

. The r e a c t i o n  takes  p l a c e  nonenzymatical ly  i n  the  pre-  (8-11) pe rox ides  

sence  of oxygen and f e r r o u s  ions .  S t u d i e s  i n  t h i s  l a b o r a t o r y  and i n  o t h e r s  

( 1 2 -  19) have l i n k e d  -- i n  v i t r o  p e r o x i d a t i o n  oE c r y t h r o c y t e  l i p i d  and hcmolysis 

Some o b s e r v a t i o n s  had sugges ted  t h a t  o x i d a t i o n  of unsa tu ra t ed  f a t t y  a c i d s  

might  occur  - i n  -- vivo(12920,21) .  However, t h c  occurrence  of  l i p i d  pcroxida-  

t i o n  -- -in v ivo  had n o t  been  unequivoca l ly  dcmonstrntcd,  and thcrc?fore,  i c s  

b i o l o g i c  s i g n i f i c a n c e  was no t  e s t a b l i s h e d .  

P rev ious  s t u d i e s  c a r r i e d  ou t  i n  t h i s  l a b o r a t o r y  ( 2 2 - 2 3 )  suggcstell  t i i a t  

hemolys is  o c c u r r i n g  i n  mice exposed t o  OUP rcsulrccl  from pe rox ida t ion  o C 

c r y t h r o c y t e  l i p i d .  Evidence sugges t ing  t h a t  a s imi l a r  hemolyt ic  mccllanism 

cou ld  occur  i n  humans w a s  ob ta ined  from our f i n d i n g s  i n  a p a t i e n t  wi>o 

developed hemolyt ic  anemia a f t e r  a b r i c f  pe r iod  of cxposure T O  OliP( '4 ) .  

The s t u d i e s  r e p o r t e d  here demonstrate  (1) i n  v ivo  p c r o s i d a t i o n  of RUC 



l i p i d ,  ( 2 )  i t s  occurrence  p r i o r  t o  i i c C  danage and l y s i s ,  and ( 3 )  o t h e r  

clEl-,::Cs occi l l - r ing as a r e s u l t  o f  o2  per :;c r a t h e r  than ;Ill  c-1:rcrct: ( I f  I i p i . t l  
L, 

p c l-9 s i da t i o n  . 

weight  35 g )  were used  i n  a l l  cxperiments.  

comparable age,  sex, and weight  were exposed t o  hypcroxia .  Ten o; thcsi: 

were taken  from a group o f  mice t h a t  had been mainrained on a tocopherol-  

d e f i c i e n t  t e s t  d i e t  f o r  a minimal per iod  of 6 weeks. 

had been  f e d  a s t a n d a r d  chow p repa ra t ion ,  were each  i n j e c t e d  i n t r a p e r i t a n s -  

a l l y  w i t h  0.5 mg of  a lpha- tocophero l  a c e t a t e  0.5, 3 o r  18 hours  b e f o r e  O!i? 

exposure.  

age, s e x ,  and d i e t a r y  s t a t u s  but without  exposure t o  hyperoxia  were stluciied. 

The weight  o f  m i c e  i n  each  s tudy  group d i d  n o t  d i f f e r  apprec i ab ly .  

For  each cspcrimcnt  2 0  iilice o f  

The o t h e r  t e n ,  which 

I n  each  experiment  an  equal number of  c o n t r o l  micc o f  coxparGble 

Exposure 6 h y p e r o s i . a .  Mice were p laced  i n  me ta l  cages rhar  lial biycn 

coa ted  w i t h  a s a l i n e - g l y c c r i n c  s o l u t i o n  ( f i r c  s a Ic ty  p rccau t ion )  and L \ T \ . ~ C ; I  

c on ta ined  no food,  water ,  o r  combust ible  m a t e r i a l .  The t c s t  ca:,e:; s ~ c r c  

p l a c e d  I n  a hype rba r i c  chamber. This  chamber had a volume of  1 2  cubic  f c e t  

and provided  c o n s t a n t  c i r c u l a t i o n  oE t h e  gaseous environment wi th  c o n t l a u a l  

f l u s h i n g  by 1 O O X  oxgyen and absorp i i o n  o f  expirct l  C02.  

. 

Cliambc~r pri.:isurc was 

.’ brough t  t o  60 pounds p e r  square  inch  a b s o l u t e  p r e s s u r e  w i t h  100% oxygen over  

a p e r i o d  of  5 t o  10 minutes  and was mainra ined  €or  1 .5  hours .  

b e  demonstrated a t  s e v e r a l  i n t e r v a l s  t e s t e d  w i t h  a micro-Scholander gas 

a n a l y z e r .  Slow s tepwise  decompression was c a r r i e d  o u t  over  20 miiiutcs. 

No C O z  could 
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T - i p i d  i>eroxi.dc de te i l r i i r ia t ions .  --- L i p i d  peroxides  in ery t t i rocytcs  \.:ere 

d e  cei-r;;.Lneci b y  measuring the p ink  chromogen (absorbance i-naximuia 535 xu) 

mice i-n cncli s tudy  s r o u p  were wasiietl twicc i n  piiysio1o;:i.c s'il i n e .  ' ~ ! I , , I I  

11.16 o r  0 . 2  ifil p o r t i o n s  of  washed e r y t h r o c y t e s  were mixed  well w i t 1 1  1.5 7.1 

G u t l i n e d  i n  the preccdin,?,  paragraph. 
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Since  i t  has  n o t  been p o s s i b l e  t o  p repa re  a s t anda rd  so l i t t i on  of  1111- 

s a t u r a t e d  f a t t y  a c i d  pe rox ides ,  a s t anda rd  abso rp t ion  durve fo r  malor.yl- 

altleliydc LAX prepared  u s i n g  1,l , 3 ,  3- cc ~raet1io:rypropanc ( ' l ' l ?~ ' )  , a ctwq~oulitl 

t h a t  hydro lyzes  t o  1 mole of malonylaldcliyde and 4 moles o f  c t l ianol  ( 2 7 ) .  

With t h i s  cu rve  as a s t anda rd  an  absorbance o f  C . l  i n  t he  TBA r e a c t i o n  was 

o t h e r  aldcliydes and ltclroncs g ive  socic c o l o r  w i th  t h e  TBA rea;:ent, thcy f a d e  

r a p i d l y  and have d i f f e r e n t  abso rp t ion  maximums o r  low cxcincc iou  cocLi i c  i c n t s  ( 2 8 )  * 

S a t u r a t e d  f a t t y  a c i d s  do n o t  peroxid ize .  Nalonylaldehyde i s  de r ived  
I 

p r i m a r i l y  From those  u n s a t u r a t e d  f a t t y  a c i d s  which c o n t a i n  t h r e e  o r  €our un- 

s a t u r a t e d  bonds, such  as arachidonate  and l i n ~ l e n a t e ( ~ ~ ) .  

r e p r e s e n t  o n l y  a f r a c t i o n  of  t h e  t o t a l  u n s a t u r a t e d  f a t t y  a c i d s  i n  n a t u r a l l y  

o c c u r r i n g  l i p i d s ,  t h i s  method measures o n l y  a p o r t i o n  O F  the  t o t a l  pcroxi -  

d i z e d  u n s a t u r a t e d  f a t t y  a c i d s .  For  example, Hocllstein and E r n s t e r  Found 1 

t h a t  malonylaldehyde levels  accounted f o r  o n l y  approximately 5'% o i  the  t o t a l  

Since these  
! 

k 

' i  
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oxygen consumed dur ing  pe rox ida t ion  o f  l i p i d s  i n  r a t  l i v e r  niicrosomcs(30). 

Most i n v e s t i g a t o r s  ag ree ,  however, t h a t  t h i s  method may be  used as a mea- 

. (31- 34) s u r e  of  l i p i d  p e r o x i d a t i o n  

Rcsults 

The e f f e c t  o f  i n  v i v o  OHP on mouse r ed  c e l l s  i s  shown i n  Table I. B e -  

f o r e  OHP exposure no s i g n i f i c a n t  d i f f e r e n c e s  of  liematologic inclescs wcrc' 

n o t e d  between tocophero l -de f i c i en t  and tocopherol-supplemented micc. Mice 

t h a t  had been  main ta ined  on the  tocophero l -de f i c i en t  Giet f o r  4 months had 

n o m a 1  hematoc r i t s  and showed no ev idence  of hemolysis be fo re  OHP esposurc.  

During OHP, hemolysis  ( f a l l  of hematoc r i t  and marked hemoglobineriia) occur red  
1 
I 
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i n  tocopherol-def  i c i e n t  mice. Whereas hematocr i t  va lues  v a r i e d  amon;: i n -  

d i v i d u a l  mice,  each tocopherol-def  i c i c n t  mause exposed t’o OIiP shooed c l e a r -  

c u t  ev idence  of hemolyt ic  anemia. No evidence of hemolysis dur ing  0111’ was 

noted i n  mice supplemented wi th  tocopherol  0.5, 3 o r  8 Iiours b c f o r c  cxpo-  

a f f e c t e d  l y t i c  s e n s i t i v i t y  t o  OliP. When blood of i n d i v i d u a l  mice was 

s t u d i e d ,  no c o r r e l a t i o n  was noted betwccn c e n t r a l  nervous system mani- 

f e s t a t i o n s  and s e v e r i t y  of the  hemolysis i n  the  tocophero l -dc f i c i en t  group. 

Red c e l l s  i n  Wr igh t ’ s - s t a ined  blood f i lms  showed moderate s izeand  

shape v a r i a t i o n s  wi th  some f ragmenta t ion  of c e l l s  on ly  i n  tocophcrol-  

d e f i c i e n t  mice exposed t o  OHP. N o  s i g n i f i c a n t  nunibers of spherocytes  

were seen  i n  any of t he  blood f i lms .  

L i p i d  pe rox ides  were p r e s e n t  i n  e r y t h r o c y t e s  01) taiiietl from tocopherol-  

d e f i c i e n t  mice immediately a f t e r  exposure t o  OHP. None were found i n  

e r y t h r o c y t e s  from tocophero l -de f i c i en t  mice n o t  exposed t o  OHP. No l i p i d  

pe rox ides  were d e t e c t e d  i n  e r y t h r o c y t e s  of tocopherol-supplemented mice 

e i t h e r  b e f o r e  o r  a f t e r  OHP. 
/ 

Plasma o f  t ocophero l -de f i c i en t  mice exposed 

t o  OHP con ta ined  on ly  t r a c e  amounts of l i p i d  peroxides .  

F u r t h e r  s t u d i e s  were carried o u t  t o  determine whether t he  l i p i d  per -  

o x i d e s  found i n  e r y t h r o c y t e s  of  t ocophero l -de f i c i en t  mice exposed t o  0;lP 

had been formed i n  v ivo  during.exposure of  the  mice t o  OHP, o r  i n  v i t r o  as 

t h e  e r y t h r o c y t e s  were manipulated i n  t h e  presence  of a tmosphcric  oxygen. 

E r y t h r o c y t e s  of  t ocophero l -de f i c i en t  mice . - fomed l a r g e  q u a n t i t i e s  of  l i p i d  

x. 

’ p e r o x i d e s  i n  v i t r o  and were lysed  when exposed t o  1) bubbled oxygen a t  37’ -- 
f o r  6 t o  1 2  hours ,  2) 100% oxygen a t  60 pounds p e r  square  inch  a b s o l u t e  

c 
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p r e s s u r e  a t  37OC f o r  1 and 1 2  hours ,  3 )  0.1% hydrogen peroxide a t  3 7 O C  

f o r  3 hours ,  o r  4 )  u l t r a v i o l e t  r a d i a t i o n  (42  cm below two Westinghouse 

S te r i l amps  G 1  T8 i n  round bottom quar tz  f l a s k s ' f o r  6 hours  a t  25OC.  

5 

To determine t h e  e f f e c t  of p r i o r  -- i n  v ivo  t o c o p h e r o l -  d e f i c i e n t  mice I 

were each g iven  0.5 mg of a lpha- tocophero l  a c e t a t e  i n t r a p e r i t o n e a l l y  1 

hour  be fo re  b l eed ing .  Blood was c o l l e c t e d  i n  p i p e t t e s  t h a t  had been 
i 

r i n s e d  wi th  phys io log ic  s a l i n e  conta in ing  a lpha- tocophero l  cmul s i f i cd  i n  

Tween-80 and phys io log ic  s a l i n e  (0.5 mg p e r  m l ) ,  and a l l  subsequent s t e p s  

of  t h e  TBA t e s t  were performed wi th  s o l u t i o n s  con ta in ing  a lpha- tocophero l  

(0.5 mg p e r  m l ) .  When t h e s e  r ed  c e l l s  were sub jec t ed  t o  the  ox idan t  

s t r e s s e s  l i s t e d  above, each of which i s  capable  o f  peroxid iz ing  l i p i d ,  no 

s i g n i f i c a n t  l y s i s  o r  l i p i d  pe rox ida t ion  occurred.  

S ince  tocophero l  as we used i t  had prevented i n  v i t r o  l i p i d  peroxida-  

t i o n  by t h e s e  a g e n t s ,  we reasoned t h a t  i t  should a l s o  prevent  any i n  v i t r o  

p e r o x i d a t i o n  of l i p i d  by atmospheric oxygen i n  e ry th rocy te s  of mice ex- 

posed t o  OHP. Accordingly,  t ocophe ro l -de f i c i en t  mice were exposed t o  OMP 

i n  t h e  r o u t i n e  manner and g iven  0.5 mg i p  of a lpha-cocopherol  immediately 
/ 

a f t e r  decompression. 0ne .hour  l a t e r  blood was c o l l e c t e d  i n  tocopherol-  

r i n s e d  p i p e t t e s ,  and l i p i d  peroxides  were determined by u s i n g  s o l u t i o n s  

c o n t a i n i n g  a lpha-  tocophero l  and s a l i n e  mixtures  a s  descr ibed  above. Asl 

shown i n  Table 11, t h e r e  were no d i f f e r e n c e s  i n  l i p i d  peroxide l e v e l s  be- -. '.. . 
, tween  t h e  t o c o p h e r o l - d e f i c i e n t  mice t h a t  were b led  immediately a f t e r  OHP 

and those  which were g iven  t h e  tocophero l  a f t e r  OHP but  be fo re  b leeding .  

No a d d i t i o n a l  l i p i d  peroxide  fonnat ion  occurred  when e r y t h r o c y t e s  of t hese  

an imals  were subsequent ly  exposed t o  H202, oxygen, and u l t r a v i o l e t  

I 

c 
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radiac ion .  Thus, the  l i p i d  peroxiiics foiind i n  c r y t h r o c y t c  01 tocoplicrol-  

J c f i c i c n c  iiiicc zsposed t o  OIIP  intisL ilave bccii’ Tonncd i r  v ivo .  -- 

SEQUENCE OF EVENTS AFTER PEROXIDATION - OF P d C  LIPID 

!LL------ , ) o s u i - ~ l  LO liypcl-oxi .-- a .  li,:,po:;ur.-c t o  l iypcrbnric osyi;cn was cdr r ic t l  ou t  

i n  a c y l i n d r i c a l  hype rba r i c  chambcr 6 inches  i n  i n t e r n a l  d iameter ,  16 inches 

lun:;, w i th  a to rn1  voluae  oE 450 cubic  inches .  I n  each  cxperimenr t c n  

t o c ~ p h c ~ o l - d c r i c i e n t  mice were placed d i r e c t l y  i n t o  the  cliamber, which was 

tlicii i l t ~ : ; l l L ~ L l  nl: noi7nal atinosplicric p re s su re  w i t h  1 )OX oxygen l o r  5 niinutcs. 

Cooiprcssion w i t h  100% oxygen t o  GO pounds p c r  squa re  inch ,  a b s o l u t e ,  ( 4  

a tmospheres) ,  was c a r r i e d  o u t  over a p e r i o d  o f  1 5  minutes ,  and p r e s s u r e  w a s  

m a i n ~ a i n e d  l o r  60 minutes .  Cont inua l  c i r c u l a t i o n  or’ the gascous environment 

was inaint :lined tliroiigliout: exposure by a c o n s t a n t  i n f l u x  o f  pu re  100% osygen, 

aiid by c o i i s t a n t  c iLlux  

were al lowed f o r  slow, 

oxygen was 95 minutes .  

S;ludics of r e d  c e  -- 

a~ a ra te  U L  10 l i t c r s  p e r  niii1uL.c. V i i t ecn  niinutes 

s tepwise  decompression. T o t a l  exposure t ime t o  10UL 

1s. Blood was ob ta ined  Erom e t h e r - a n e s t h e t i z e d  mice,  .- 

i r n m c ~ l i ~ ~ t e l y  a f t e r  esposurc and a t  1-cpilar t i m c d  i n t e r v a l s  tlicrc>aLter, by 

S C V C ~ T : ~ I ~ ~ :  a x i l  l o r y  v c s s c l s  wliicli Ilad bccn  s u r g i c a l l y  c q o s c d .  

r e t i c u l o c y t e  counts  ~ Wright’  s - s t a i n e d  blood f i l m s  and Ileinz body prepara-  

t i o n s  weic? perforined on blood c o l l e c t e d  i n  microhematocr i t  tubes  from in-  

diviciual mice. 

l lc inatocr i ts ,  

‘ Red c e l l  counts  were performed u s i n g  a Plodel F-Coulter  
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. .  

Osmotic f r a g i l i t y  o f  r e d  c e l l s  was t e s t ed  u s i n g  t h e  Osmotic F r a g i l i -  

Determinations were c a r r i c t i  o u t  wit t i in  graph$: as dcscr ibed  by Danon ( 3 5 ) .  

f i v e  minutes  a f t e r  t h e  blood was obtained.  Cumylative and d e r i v a t i v e  

curves  were i n s c r i b e d  i n  each s tudy  and va lues  expressed  a s  thc  s a l t  con- 

c e n t r a t i o n s  a t  which 50% hemolysis occurred. 

L, 

RBC 1 i p i d  peroxides  were determincd on h e p a r i n i z e d  blood poolctl from 

two mice as noted previous ly .  L i p i d  peroxide d e t e i m i n a t i o n s  were p c r -  

formed on specimens o f  plasma and u r i n e  b y , t h e  same method,using the  same 

volumes. 

Resu 1 t s -- 
The course  of hemolysis  a f t e r  exposure o f  t h e  t o c o p h e r o l - d e f i c i e n t  

mice t o  OHP i s  i l l u s t r a t e d  i n  Fig.  1. Immediately a f t e r  exposure t h e r e  

was no ev idence  of g r o s s  hemolysis and t h e  h e m a t o c r i t  was s l i g h t l y  h igher  

(P4.05) than  i t  had been p r i o r  t o  OHP. Ten minutes  a f t e r  exposure,  

c, 
m. 

I. . 
,. .I 

.. ,. 1 ., 

'- .i 

4 - ., 
* '  

i ? 
w h i l e  t h e  mice were main ta ined  a t  noma1  atmospheric c o n d i t i o n s ,  hcmoly- 

s i s  began, i n d i c a t e d  by  t h e  appearance o f  v i s i b l e  hemoglobin i n  plasma 

and by a s l i g h t  f a l l  i n  hematocr i t  ( P k . 0 2 5 ) .  T h i r t y  minutes a f t e r  ex- 

posure ,  t h e  h e m a t o c r i t  had f a l l e n  t o  30%, plasma was b r i g h t  r e d ,  and heno- 

g l o b i n u r i a  w a s  observed.  Hemolysis was p r o g r e s s i v e ,  w i t h  t h e  hematocr i t  

-8 OHP. During t h e  hemolyt ic  phase r e t i c u l o c y t e s  i n c r e a s e d  t o  a high of 1SX. 
\ 

The concomitant  changes of e r y t h r o c y t e  morphology and osmotic fra- 

g i l i t y  are summarized i n  Table  111. Immediately a f t e r  OlIP r e d  c e l l  mor- 

phology appeared normal,  t h e  MCV was n o t  s i g u i f  i c a n t l y  a l t e r e d  b u t  there 

*Kalmedic Ins t ruments ,  New York, New Yorlc. 
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an  i n c r e a s e  o f  osmotic f r a g i l i t y .  T h e r e a f t e r  a s i g n i f i c a n t  i n c r e a s e  o f  

MCV and an  i n c r e a s i n g  number o f  spherocytes  i n  blood f i lms  was. accompanied 

by an  a d d i t i o n a l  i n c r e a s e  i n  cuinulative osniotlc f r a g i l i t y ,  appa ren t ly  due 

t o  a d i s t i n c t  popu la t ion  of o smot i ca l ly  f r a g i l e  rcd c e l l s  as i d e n t i f i e d  

by t h e  d e r i v a t i v e  curve  i n s c r i b e d  by the  F rag i l ig raph .  During the  phase 

of  most  r a p i d  hemolysis (from 20 minutes  t o  2 hours  post-0111') l a r g e  riiiiii- 

b e r s  of ghos ted  and /o r  fragmented r ed  c e l l s  were observcd i n  h lood  i i h s .  

Disappearance of s i g n i f i c a n t  numbers of  spherocytes  ( i . e .  a t  2 hours  pos t -  

L, 

% 

.- 

OHP) was accompanied by a dec rease  o f  PICV and a r e t u r n  o f  cumulat ive os- 

mot ic  f r a g i l i t y  t o  normal w i t h  a s i n g l e  popu la t ion  of ce l l s  as determined 

by t h e  d e r i v a t i v e  curve.  No methemoglobin and no I-Ieinz bodies  werc pre-  

s e n t  i n  RBCs of t h e s e  mice b e f o r e  OHP, o r  a t  any t i m e  a f t e r  exposure t o  

OHP . 
The r e l a t i o n s h i p  between l i p i d  peroxides  and l y s i s  i s  shown i n  Fig.  

2. Before  exposure n e i t h e r  FU3Cs nor  plasma conta ined  measureable  l e v e l s  

of  l i p i d  peroxides .  Immediately a f t e r  exposure and be fo re  licmolysis be- 

gan r e l a t i v e l y  l a r g e  q u a n t i t i e s  of l i p i d  peroxides  were found i n  r e d  c e l l s  

b u t  n o t  i n  plasma. A t  10 -minu tes  a f t e r  OHP, when hemolysis appa ren t ly  be- 

gan t h e r e  was a s i g n i f i c a n t  decrease  i n  r e d  c e l l  l i p i d  peroxide  l e v e l s  

which occur red  concomi tan t ly  wi th  t h e  i n i t i a l  appearance o f  l i p i d  per-  

o x i d e s  i n  plasma. T h e r e a f t e r  t h e r e  was a p rogres s ive  dec rease  o f  bo th  

r e d  c e l l  and plasma l i p i d  peroxide  l e v e l s .  Four hours  a f t e r  exposure t o  

OHP, n e i t h e r  RBCs nor plasma conta ined  d e t e c t a b l e  amounts of  l i p i d  per-  

ox ides .  

1 

One hour  a f t e r  exposureur ine  conta ined  a subs tance  which on a c i d  

h y d r o l y s i s  and h e a t i n g  wi th  2 - t h i o b a r b i t u r i c  a c i d  formed a pink pigment 

which absorbed  maximally a t  535 mu and was, presumably, malonylaldehyde. 

t-: 
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EFFECT OF HYPEROXIA ON RED CELLS OF NOlIMAL --- M I C E  . 
c, 

Me thocls 

Mice. Male and female s t r a i n  l ) G A / 2  mice ( a l l  between 4 and 6 months 

of age) were main ta ined  on s t a n d a r d  chow d i e t s .  Mice o f  the  sanic ai;c', S C X ,  

and average weight  were used i n  each s tudy.  For s p e c i a l  s t u d i e s  some mice 

r e c e i v e d  0.5 mg a lpha- tocophero l  a c e t a t e  each, g iven  d a i l y  f o r  5 d a y s  p r i o r  

t o  s tudy .  

Exposure t o  hyperoxia .  Groups of 10 mice were exposed t o  1OCX oxygen 

a t  p r e s s u r e s  o f  GO p s i a  ( lb . / sq .  i n .  a b s o l u t e )  f o r  90 minutes.  The cham- 

b e r  used  had a volume of  424 cubic  inches.  The chamber was f i r s t  f lushed  

f o r  5 minutes  at: 15 p s i a  andthe p r e s s u r e  was g r a d u a l l y  increased  t o  t h e  

d e s i r e d  l e v e l  o v e r  a 15 minute  per iod.  Stepwise decompression was com- 

p l e t e d  i n  15 minutes.  For  s t u d i e s  involv ing  l a r g e r  numbers of mice, a 

l a r g e r  chamber was used. This  chamber had a volume of 12.56 cubic  Leet. 

S t u d i e s  o f  blood. A11 mice were exsanguinated by s e v e r i n g  t h e  r i g h t  

a x i l l a r y  vessels. For most s t u d i e s  blood was c o l l e c t e d  immediately u s i n g  

h e p a r i n i z e d  p i p e t t e s  and t h e  s a m p l e  tubes  were k e p t  a t  4 O C .  Subsequent 

s t u d i e s  were c a r r i e d  o u t  on i n d i v i d u a l  o r  pooled blood samples. Hemato- 

c r i t s ,  hemoglobins, r e t i c u l o c y t e  counts  and osmotic  f r a g i l i t i e s  werc dc- 

termined by s t a n d a r d  methods. 
t 

E r y t h r o c y t e  g l y c o l y t i c  in te rmedia tes .  These were determined b y  modi- 

f i c a t i o n s  o f  t h e  methods descr ibed  by S h a f e r  and Bar t le t t  ( s G )  and B a r t l e t t  

.- 
( 3 9 ) .  

F i f t y  m l  of  samples of  pooled h e p a r i n i z e d  blood from 100 mice were used f o r  

e a c h  s tudy .  E r y t h r o c y t e s  were washed t h r e e  tines w i t h  co ld  phys io logic  sa-  

l i n e .  Packed e r y t h r o c y t e s  (12.5 m l )  were added wi th  cons tan t  vigorous 

mixing  t o  2 volumes o f  10% t r . i c h l o r o a c e t i c  a c i d  (TCA). . A f t e r  c e n t r i f u g a -  

t i o n  and f i l t r a t i o n  o f  t h e  supernatc. the p r e c i p i t a t e  was r e - e x t r a c t e d  with 
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2 volumes oE 5% TCA. A f t e r  combining e x t r a c t s ,  TCA was removed w i t h  f o u r  

e x t r a c t i o n s  of  2 

n i t r o g e n  through 

through a 1 x 20 

t h e n  e l u t e d  w i t h  

volumes o f  e t h e r .  The e t h e r  was then rJmovcd b y  bubbling 

t h e  s o l u t i o n s .  AEter n e u t r a l i z a t i o n  e x t r a c t s  were passed 

column of Dowex-1 x 8-formate r e s i n .  The columns were 

a l i n e a r l y  i n c r e a s i n g  c o n c c n t r a t i o n  of 0 t o  3.5 N annnonimi 

foimatc b u f l e r ,  pII 3.0 a t  a r a t e  of  3 - 4  inl/min. F r a c t i o n s  wcrc c o l l c c r c d  

i n  10 nil volumcs and cach f r a c t i o n  was analyzed l o r  t o t a l  phospliorus con- 

t e n t .  I n  a d d i t i o n ,  compounds wcre i d e n t i f i e d  by e l u t i o n  p o s i t i o n  as  de -  

termined by s t anda rd  a p p l i c E t i o n s  p rev ious ly  performed i n  t h i s  l abora to ry  

and by s p e c i f i c  a n a l y t i c  methods (38 2 33) . 
mined i n  t h i s  system were expressed  as  micromoles phosphorus/ml of  e ry th ro -  

c y t e s .  

Q u a n t i t i e s  of compounds decer-  

E r y t h r o c y t e  adenosine t r i phospha te  (ATP). ATP de te imina t ions  were 

made by a m o d i f i c a t i o n  of t h e  method of B e u t l e r  and Baluda u t i l i z i n g  the  

f i r e f  ly- luminescence A l l  chemicals and r eagen t s  were prepared 

e x a c t l y  as desc r ibed  by them. Blood taken  from i n d i v i d u a l  animals (0.8 m l )  

was mixed immediately w i t h  0.2 m l  co ld  ACD and de termina t ions  were c a r r i e d  

'i- 

I 

I .' 

o u t  w i t h i n  10 minutes .  Gne-tenth of blood ( d i l u t e d  4 : l  V/v wi th  ACD) was 

added t o  2.9 m l  of  i c e d  t r i s - b o r a t e  b u f f e r  i n  a graduated 1 5  m 1  t e s t  tube.  

. .  The hemolysate  was immediately placed i n  a b o i l i n g  water  ba th  f o r  5 min- 

u t e s  and then  t r a n s f e r r e d  t o  an  i c e  b a t h  a f t e r  r e s t o r i n g  the  volume t o  3 

c m l  w i t h  d i s t i l l e d  water. Two-tenths m l  of  hemolysate were added t o  2 m l  

.) 

of  i c e - c o l d  d i l u t e d  f i r e f l y  e x t r a c t  and the  tube was i n v e r t e d  5 times. 

A f t e r  e x a c t l y  1 minute ,  t h e  emi t ted  f luo rescence  was read a t  560 mu. The 

ATP c o n t e n t  was determined by r e fe rence  t o  a s t anda rd  curve and was cx- 

p r e s s e d  as umoles/Gm of hemoglobin. 
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Adenosine diphosphate  (ADP) and adenosine monophosphate ( A M P ) .  

These de te rn i ina t ions  were c a r r i e d  o u t  according t o  tlic mprliods o f  Lipmaii (41) 

and B ~ c h e r ( ~ ~ ) ,  u s i n g  DPN-DPNI-I l i nked  changes - i n  Lorward and backward re -  

a c t i o n s  between phosphoenolpyruvate and l a c t a t e .  

Splenectomies  were c a r r i e d  ou t  under e t h e r  a n e s t h e s i a  through a l e f t  

upper  quadrant  abdominal i n c i s i o n .  The animals  rece ived  tetracycline-MC1 

(.02 m l / G m )  d a i l y ,  p o s t o p e r a t i v e l y  f o r  5 days. A l l  s t u d i e s  o f  ~ thcsc an i -  

m a l s  were c a r r i e d  o u t  2 weeks a f t e r  splenectomy. 

Resul t s  

I n  c o n t r o l  animals  exposed t o  OHP t h e r e  were i n c r e a s e s  i n  hematocr i t  

and osmotic  f r a g i l i t y .  (Table I V )  These e f f e c t s  were no t  c l i ininatct l  b y  

splenectomy o r  p r i o r  tocophero l  supplementat ion.  I n  f a c t ,  splenectomized 

m i c e  had a n  i n c r e a s e  of  MCV and a g r e a t e r  p e r  c e n t  i n c r e a s e  of hematocr i t .  

The e f f e c t  o f  OHP on RBC ATP and ADP i s  shown i n  Table V.  A'rP con ten t  was 

c o n s i s t e n t l y  and s i g n i f i c a n t l y  inc reased  whi le  ADP conten t  was concomitant ly  

decreased .  

The e f f e c t  of 100 p e r  c e n t  oxygen a t  60 p s i a  f o r  1 hour on phosphory- 

l a t e d  e r y t h r o c y t e  g l y c o l y t i c  i n t e rmed ia t e s  of chow-fed mice i s  shown i n  

Table  V I .  No ev idence  of hemolysis was noted.  A s  determined i n  c h i s  lab- 

o r a t o r y  by the  chromatographic  method c i t c d ,  l e v e l s  of pliosplia tc compounds 

i n  mouse e r y t h r o c y t e s  were t h d s a m e  i n  two d i f f e r e n t  groups oE normal mice. T 

* The most s i g n i f i c a n t  v a r i a t i o n s  from normal i n  the mice exposed t o  OHP 

were i n c r e a s e s  i n  e ry . throcyte  ATP and hexose monophosphate compounds, with 

concomitant  dec reases  i n  l e v e l s  of fructose-1,6-diphosphate, the  t r i o s e -  

phospnates  , and t r iphosphopyr id ine  n u c l e o t i d e  (TPN) . The remainder of the 

I .  
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measured compounds were n o t ' s i g n i f i c a n t l y  a l t e r e d .  , .  
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Tlicse o b s e r v a t i o n s  suggested a block between fructose-G-pliospliatc and 

i r u c t o s c - l , G  -diphosphate ,  a stlcp mcclialtcd by the enzyme phosp1ii)f~uctolt ir iase.  

The c f f ec i l  o f  O H P  on 133C phosphoiructolcinasc a c t i v i t y  i s  S l l O \ J i l  i n  Table \‘If. 

F i f t y  p e r  c e n t  decreases  of enzyme a c t i v i t y  were observed a f t e r  O H P .  

5 

DISCUSSION 

. \ithough t h e  c l i n i c a l  and h i s t o p a t h o l o g i c  I c a t u r c s  o f  oxygen i - o s i c i t y  

have been d e s c r i b e d  i n  d e t a i l ,  t he  primary mechanism of  c e l l  damage by 

h i g h  oxygen t e n s i o n s  has  n o t  been e l u c i d a t e d .  Aside from s t u d i e s  r e l a t -  

i n g  t o  e r y t h r o p o i e s i s ,  t h e  in v i v o  e f f e c t  of i n c r e a s e d  oxygen t e n s i o n  on 

e r y t h x o c y t e s  has  r e c e i v e d  l i t t l e  a t t e n t i o n .  I t s  re levance  t o  human c l i n i -  

c a i  s i t u a t i o n s  had n o t  been cons idered  u n t i l  r e c e n t l y  when s e v e r a l  volun- 

t eers  x a i n t a i n e d  i n  s imula ted  space c a p s u l e  environments (100% O7 a t  low 

a tmospher ic  p r e s s u r e s )  developed evidences of  r e d  c e l l  damage ( increased  

osmotic  f r a g i l i t y )  and hemolysis  ( f a l l  o f  hemoglobin and e v a l u a t i o n  of  re- 

z i c u l o c y t e s  and i n d i r e c t - r e a c t i n g  b i l i r u b i n ) ,  and one p a t i c n t  developed 

h e n o l y t i c  anemia a l t e r  a b r i e f  exposure t o  0111’. ‘i’lie LaLtcr p a t i e n t ’ s  rcc 

c e l l s  were s imi l a r  t o  those  of t o c o p h e r o l - d e f i c i e n t  mice wi th  regard  t o  

L 

~ 

i n c r e a s e d  l y t i c  s e n s i t i v i t y  t o  H202, i n c r e a s e d  l i p i d  peroxide formation 

by 11203, 2nd t h e i r  i n  v i v o  s e n s i t i v i t y  t o  hyperoxia .  IJhether h i s  s u s c e p t i -  

b i l i t y  r e f l e c t e d  a t o c o p h e r o l - d e f i c i e n t  s t a t e  o r  sonic a l t c r a t i o n  o i  i a t t y  

a c i d  c o n t e n t  i n  h i s  e r y t h r o c y t e s  was n o t  decided. Many o t h e r  s t u d i e s  werc . 
5 
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1 h e l p f u l  o n l y  i n  r u l i n g  o u t  v a r i o u s  p o s s i b i l i t i e s .  

Work i n  o t h e r  l a b o r a t o r i e s  and our  own s t u d i e s  had l inked  high oxygen 

t e n s i o n s ,  e r y t h r o c y t e  l y s i s  and l i p i d  p e r o x i d a t i o n  i n  v i t r o ,  and  prcviou. ;  

s t u d i e s  i n  t h i s  l a b o r a t o r y  had suggested t h e i r  r e l a t i o n s h i p  i n  vivo. Tho 
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p r e s e n t  s t u d i e s  e s t a b l i s h e d  t h e  f a c t  t h a t  pe rox ida t ion  o f  c r y t h r o c y t e  

l i p i d  can occur  i n  v ivo  dur ing  exposure t o  oxygen under I!igh p r c s s u r c .  

These e r f e c t s  were noted on ly  i n  mice fed a tocophero l -de f i c i en t  d i e t .  

A f r equen t  c r i t i c i s m  of  e a r l i e r  s t u d i e s  of l i p i d  pc rox ida t ion  had  

been the f a i l u r e  t o  cons ide r  t h e  a b i l i t y  ol: atniosplieric oxygcn t o  p c r -  

o x i d i z e  u n s a t u r a t e d  f a t t y  a c i d s  i n  v i t r o .  Since dc t cnn ina t ions  of  l i p i d  

peroxide  con t e n t  always involved manipula t ions  dur ing  which t i s s u e  was 

exposed t o  a tmospheric  oxygen, i t  always seemed p o s s i b l e  t h a t  any l i p i d  

peroxides  found could  have been formed i n  v i t r o .  Our obse rva t ion  t h a t  

l e v e l s  o f e r y t h r o c y t e  l i p i d  peroxides  were no t  decreased when a lpha-  

tocophero l  w a s  admin i s t e red  a f t e r  OM', b u t  b e f o r e  exsanguina t ion  ( a  

maneuver we proved e f f e c t i v e  i n  prevent ing  i n  v i t r o  l i p i d  pe rox ida t ion )  

e s t a b l i s h e d  t h e i r  format ion  i n  vivo.  They were n o t  formed as  a r e s u l t . o f  

hemolys is ,  s i n c e  l i p i d  peroxides  were demonstrated i n  remaining i n t a c t  

e r y t h r o c y t e s .  

Subsequent r e s u l t s  of  t h i s  i n v e s t i g a t i o n  have helped t o  c l a r i f y  the  

r e l a t i o n s h i p  between pe rox ida t ion  of RBC l i p i d  and hemolysis i n  tocopherol-  

? '  

d e f i c i e n t  mice exposed to-OHP. Proof t h a t  pe rox ida t ion  of  RBC l i p i d  pre-  

ceded hemolysis  came from t h e  f i n d i n g  t h a t  RBCs conta ined  l a r g e  q u a n t i t i c s  

of l i p i d  pe rox ides  immediately a t t e r  exposure t o  OHP,'before hemolysis 

began. That t h e  o n s e t  of o v e r t  hemolysis ( f i r s t  d i s c e r n i b l e  hemoglobin- 

emia) and t h e  a t t e n d a n t  i n i t i a l  decrease  i n  RBC l i p i d  peroxide con ten t  

c o i n c i d e d  w i t h  t h e  f i r s t  appearance of l i p i d  peroxides  i n  plasma, sug- 

g e s t e d  t ha t  l i p i d  peroxides  were r e l e a s e d  i n t o  plasma from damaged LWs. 

7 
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The  sequence of  even t s  i n  changing red  c e l l  morphology and osmotic 

f r a g i l i t y  su:gested t h a t  a - p a r t i c u l a r  popula t ion  of c e l l s  %ad been damaged, 

undergone spher ing  and were u l t i m a t e l y  des t royed .  The marked hemoglobin- 

emia and hemoglobinuria  and the  l a r g e  numbers a f  ghos ts  and red  c e l l  [rag- 

ments i n d i c a t e d  t h a t  hemolysis w a s  predominantly i n t r a v a s c u l a r .  

An unexpected f i n d i n g  i n  t h e s e  s t u d i e s  was the  speed and magnitude 

of t h e  r e t i c u l o c y t e  response  a f t e r  hemolysis.  Morphological ly  these  were 

c l a s s i c  r e t i c u l o c y t e s ,  most of which appeared t o  be ve ry  p r i m i t i v e .  

l imina ry  morphologic s t u d i e s  of t he  bone marrow have revea led  an obvious 

i n c r e a s e  i n  t h e  number of e r y t h r o p o i e t i c  elements!, maximal a t  t he  time of 

peak r e t i c u l o c y t o s i s ,  30 minutes  a f t e r  exposure t o  OHP. This f i n d i n g ,  a l so  

unexpected,  i s  n o t  c u r r e n t l y  understood and w i l l  r e q u i r e  a d d i t i o n a l  s t u d y .  

Pre- 

The f i n d i n g  t h a t  hemolysis  can  be delayed i n  o n s e t ,  be!:iuning a i t c r  

exposure toOIIP, broadens c u r r e n t  concepts  of oxygen t o x i c i t y .  We had pre-  

v i o u s l y  observed a similar p a t t e r n  of hemolysis i n  a human a f t e r  exposure 

t o  OHP, and had p o s t u l a t e d  t h a t  t h i s  was a foim of  delayed oxygen t o x i c i t y .  

Other  i n v e s t i g a t o r s  have a l s o  a l luded  t o  the  p o s s i b i l i t y  t h a t  some m m i f e s -  

t a t i o n s  of oxygen t o x i c i t y  might be delayed i n  o n s e t ,  beginning a f t e r  ex- 

posure  t o  OHP. However, t h e  c u r r e n t  i n v e s t i g a t i o n  has provided t h e  f i r s t  

d i r e c t  demonst ra t ion  o f  a form o f  delayed oxygen t o x i c i t y .  

I n  c o n t r a s t  t o  t h e s e  r e s u l t s ,  no hemolysis occur rcd  i n  chow-fed 
9 

n i c e  ( thosc  rc : ;€s tnnt  t o  pe rox ida t ion  of l i p i d ) .  

RBC membrane ( i n c r e a s e d  PICV and osmotic f r a g i l i t y )  and phosphorylatcd 

Therc wcrc chanj:c:; of 

g l y c o l y t i c  i n t e r m e d i a t e s .  These changes r e f l e c t e d  changes i n  c e l l s  rhem- 

selves r a t h e r  t han  a s h i f t  o f  c e l l  popula t ions .  The metabol ic  e f f e c t s  were 

shown i n  p a r t  a t  l eas t  t o  r e s p l t  from i n h i b i t i o n  of the  RBC enzyme phospho- 

f r u c t o k i n a s e .  

' ,  

1 . 
- .  

F' __ . . 
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S UMMAKY 

1. Hemolytic anemia induced by exposure t o  OHP i s  a s s o c i a t e d  wi th  per-  
t 

o x i d a t i o n  of RBC l i p i d .  

2. R13C l i p i d  pe rox ida t ion  occurs  i n  vivo_ be fo re  the o n s e t  of  hemolysis 

and i s  r e s p o n s i b l e  f o r  hemolysis .  

3.  Hemolysis mediated by pe rox ida t ion  of PU3C l i p i d  can begin  a f t e r  ex- 

posure t o  OHP and p rogres s  under normal atmospheric  cond i t ions .  

4 .  During OHP, 02 p e r  se i n c r e a s e s  RBC ATP, hematoc r i t ,  and osmotic 

f r a g i 1  i t  y . 
5. The i n c r e a s e  of ATP i s  an  e f f e c t  of c e l l  metabolism, probably v i a  

i n h i b i t i o n  of  phosphofructokinase.  

6. The re fo re ,  a l though O2 per se produced t r a n s i e n t  metabol ic  and physi-  

c a l  changes i n  r e d  ce l l s ,  i r r e v e r s i b l e  damage and l y s i s  only occurred  when 

p e r o x i d a t i o n  of l i p i d  has  taken  p lace .  

? *  

.- . 
. .  1, 

? 
-c 

I. .. 
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LEGENDS FOR FIGURES 

Figure  1. Hematologic e f f e c t  of hyperbar ic  oxygen on tocopherol-  

d e f i c i e n t  mice. Each p o i n t  r e p r e s e n t s  t he  mean o f  4 

t o  10 de te rmina t ions  (each i n  d u p l i c a t e )  c a r r i e d  out  on 

i n d i v i d u a l  mice. 

i n d i c a t e  2 one s tandard  dev ia t ion .  

The ba r s  above and below each po in t  

Note t h a t  hemolysis began a f t e r  exposure t o  hyperoxia ,  

whi le  t h e  mice remained a t  normal atmospheric cond i t ions .  

F igure  2. Re la t ionsh ip  between l i p i d  peroxide  l e v e l s  and l y s i s .  

The hematoc r i t  va lues  a r e  those  of F igure  2. For l i p i d  

per6xide  l e v e l s  the p o i n t s  r e p r e s e n t  mean va lues  of 

from 2 t o  8 s e p a r a t e  de te rmina t ions  (each i n  d u p l i c a t e )  

u s i n g  pooled blood of two mice and t h e  b a r s  i n d i c a t e  2 

one s t a n d a r d  dev ia t ion .  



TAIILE I 

Hematologic Values and Ltpid Peroxide Levels in Erythrocytes from Mice* 

Study Groupt 

Tocopteroi-deficient (14) 

Chow-fedJ tocopherol- 
supplemcnted(l4) 

Tocopherol-deficient + 
OHP (14) 

Chow-fed, tocopherol- 
supplemented 3. OHP (14) 

Tocopherol-deficientJ 
tocopherol-supplemented 
N H P  ( 5 )  

Per cent Ap pe a rance Lip id 
Hematocrit Reticulocvtes of  P1ss;na Perox i  3es-k 

45-5) 0.2- 1.5 so 11'114 1 d 

44-51 0.2-1.6 Normal 0 

14-24 9- 16 Bright: red 36- 50 

47 - 50 0.2-1.4 No m a  1 0 

46-49 0.1-1.2 Normal 0 

*Values were obtained from pooled blood samples of ten mice in each experimental 

group 

fThe number after each group indicates the number of experiments; -IGHP designates 

those mice exposed to oxygen unde? high pressure. 

$Mi>limicromoles malonylaldehyde per milliliter erythrocytes. 
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TABLE I1 i 

Lipid Peroxide Levels in Mouse Erythrocytes+: 

Mouse Study Group Lipid Peroxides 

Tocopherol-deficient 0 

3 2 - 3 9  

34-  38 

Tocopherol-deficient + OHP 

Tocopherol-deficient 4- OHP (given 
tocopherol before bleeding) 

Tocopherol-deficient -k OHP (given 
tocopherol before bleeding, 
blood collected and washed in 
tocopherol-saline mixture) 

Tocopherol-supplemented (before 
/L 

and after OHP) 

3 2 - 4 1  

0 

c 

Wlalues were obtained on pooled blood of ten mice in each 

experimental group, and the range of three separate experi- 

ments is given. 

Millimicromoles malonylaldehyde per milliliter erythrocytes. 

.. I 



TABLE I11 

Changes i n  Ery throcytes  Af t e r  Exposure t o  OHP 

'i 

T i m e  RBC Morpholopy 

Before OHP Normal 

A f t e r  OHP 

Immediately Unchanged 

10 min. Moderate s i z e  and shape 
v a r i a t i o n  
20-30% spherocytes  

20 min. Same a s  10 min. 

30 min. 60-70% spherocytes  
\ 

Moderate no. of  ghosts  
and fragments ,  moderate 
polychromasia 

1 hour  

c 2 hours  

9 
4 hours  

Same a s  30 minutes 

Many ghosts and fragments 
Few spherocytes  
Moderate polychromasia 

Almost no ghos ts  
Moderate s i z e  and shape 
v a r i a t i o n  
Marked polychromasia 

* 

MCV 

4 5 5 3  . 

46 2 1 

55 2 2 

52 2 3 

4 3 5 4 :  

44 2 

Osmotic F r a g i l i t y  

.43 0 A- 

e47 t: 0 $$ 
.495 5 . 0 0 5 a  

.50 ,+ 0 

.50 2 .008 

.50 5 .005 & 
'.'42 .005 d,f i  

.38 2 0 A 



L i 
.. 

5 

TABLE IV 

Effect of In Vivo Hyperoxia on Chow-Fed Mice 

Hct. Retics.. Osmotic MCV 
u3 Fragility - Study Group % % 

Control 4 4  2 3.0 .46 t.01 46 2 4 

Control 3. OHP 

Splenectomy 

50 5 3 

41 3 

3 .3  .49 If: .01 47 2 4 

3 . 2  .45 - 3- .01 46 4 

' Splenectomy f OHP 49 2 4 3.4 .49 5 .03 51 3. 4 

/ 

50 2 2 3.1 .49 2 .02 --- 
Supplemen 4 e d +  OHP 

Tocopherol 

4 '  

... 

. -  
I 

'i. 

h 
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TABLE V 

E f f e c t  of OHP on Red Cell ATP and ADP 

Study Group 

Control 

Control WHP 

ATP 
uM/m Hgb. 

5.3 i . 3  

7.3 2 .4 

ADP 
m/gm Hgb . 

.37 2 .05 

.19 + .06 

Values represent means ,+ 1 SD 

--.. 
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TABLE VI 

Changes of Phosphate Compounds of Erythrocytes in Chow-Fed Mice Exposed to 

100 Per Cent Oxygen at 60 Psia for 1 Hour 

Compound 
Normal 
Mice #l 

Normal 
Mice #2 

Inorganic phosphorus(P) 

AMP 

Adenosine diphosphate 
(ADP) 

Adenosine triphosphate 
(ATP) 

Diphosphopyridine 
nucleotide (DPN) 

Triphosphopyridine 
nucleotide (TPN) 

.14 

Trace 

. 34  

. 24  

-.\ _. 
. 2 4  

. 2 4  

Fructose, 1-6, diphosphate 1 .28  

Diphosphoglyceric acid 7 . 3  

Triose phosphates x2 1 

Hexose mono-phosphates .24 

(I 
+, 

.11 

Trace 

. 32 

. 2 1  

.24  

.26 

1 .27  

7 . 9  

.22  

.26 

... 
; c 

OHP Mice Pe rCen t* 

.12  

Trace 

.32  

. 60 

.22  

. 1 3  
- "  

. A L L  

8 .7  

- 

.10 

.80 

96 

-- 

99 

279 

92 

52 - 

56 

115 

.-.- - 

47 

320 

- - 

Quantities of metabolites are expressed as moles phosphorus/ml of 

erythrocytes. Data of normal mice represent levels in pooled blood of 

2 separate groups of mice. OHP mice denotes blood from thos mide 

* Concentration of mice exposed t o  0111' dividcxl by conccntratioli 
L- ~1 I I yl JC. rt )>i i :L . 
control mice. 

c 

exposed 

of normal 

! 

c 
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TMLE VI1 

E f f e c t  of Hyperoxia on RBC Phosphofructokinase 

Enzyme A c t i v i t y  
Study Group Eu/u l  c e l l s / m i n u t e  

Cont ro l  

Cont ro l  4- OHP 

L 

c 

22.9 2 2.0 

12.2 5 1.2 

3 
. -. .. ._ . . .- .. . . . . . . ~ . -  . . _-_ . - 

,: ' 

I 
i. ' 

*. 
i. 

. f, 

r 



1 

REFERNCES 

1. Bean,J.W. E f f e c t s  of oxygen a t  i nc reased  p res su re .  Phys io l .  Rev. 

1945, 25, 1. 

2. Boerema, I. An o p e r a t i n g  room with h igh  atmospheric  p re s su re .  Surgery 

1961, 49, 291. 

3.  Boerema, I., and 1J.H. Brummelkamp. I n h a l a t i o n  of oxygen a t  2 atmospheres 

f o r  C los t r id ium welchi  i n f e c t i o n s .  Lancet.1962, z2 990. 

4.  Churchi l l -Davidson,  I., C. Sanger,  and R.H. Thomlinson. High-pressure 

oxygen and r ad io the rapy .  Lancet  1955, 1, 1091. 

5. I l l i n g w o r t h ,  C. Treatment of a r te r ia l  occ lus ion  under oxygen a t  two- 

atmospheres p re s su re .  B r i t .  tned. 3 .  1962, 2, 1271. 

6. Smith, C.A. Use and misuse  o f  oxygen i n  t r ea tmen t  of prematures.  

P e d i a t r i c s  1964, 33, 111. 

7. Roth, E.M. S e l e c t i o n  of space cab in  atmospheres.  I. Oxygen t o x i c i t y  

NASA Technica l  Note D-2008, 19G3. 

J 

'.. 

t. 
c 

3 

8. B i e r i ,  J . G . ,  and A.A. Anderson. Pe rox ida t ion  of  l i p i d s  i n  r i s sucs  hcmo- 

gena te s  as r e l a t e d  t o  v i tamin  E. Arch. Biochem. 1960, 90, 105. 

9. Blackard ,  W.G., M.F. Bal l ,  and F.L. Engel. Some hormonal, metabol ic  
4 .L 

and n u t r i t i o n a l  f a c t o r s  i n f l u e n c i n g  l i p i d  pe rox ida t ion  by  r a t  adipose 

t i s s u e  i n  v i t r o .  J. c l i n .  I n v e s t .  1962, 41, 1288. 

' 10. Ot to l engh i ,  A .  I n t e r a c t i o n  o f  a s c o r b i c  a c i d  and mi tochondr i a l  l i p i d e s .  

Arch. Biochem. 1959, 2, 355. 

11. S m i t h ,  G.J., and W.L. Dunlcley. I n i t i a t i o n  of l i p i d  pe rox ida t ion  by a 

reduced .meta1  ion.  Arch. Biochem. 1962, 98, 4 6 .  
I .  



1 I 

12. TSeil, C.C.,  and H.B. C o l l i e r .  The p r o t e c t i v e  a c t i o n  of tocopherol  

a g a i n s t  hemolysls of r a t  e r y t h r o c y t e s  by d i a l u r i c  qcid.  

Biochem. 1960, - 38, 957. 

Canad. 3 .  

. .  
I 

13. Bunyan, J . ,  J. Green, E.E. Edwin, and A.T. Diplock. S tud ie s  on vi tamin 

E. 5. L ip id  pe rox ida t ion  of d i a l u r i c  acid- induced haemolysis of 

v i t amin  E-deficient.erythrocytcs. Biochem. J. 1960, 77, 47. 

14. Horwi t t ,  M.K.,  C.C. Harvey, G.D. Duncan, and W.C. Wilson. E f f e c t s  of 

l i m i t e d  tocophero l  i n t a k e  i n  man and r e l a r i o n s h i p s  t o  e ry th rocy te  

hemolysis and l i p i d  oxidants . .  h e r .  J. c l i n .  Nutr .  1956 ,  - 4 ,  408. 

15. Tay lo r ,  D.W., and R. Wiseman. Rate of oxygen uptake of  e ry th rocy te s  

of v i t amin  E - d e f i c i e n t  rats. Nature (Lond.) 1962, 196, 1102. 

16. Tsen, C.C., and HOB. C o l l i e r .  The r e l a t i o n s h i p  between the  g l u t a t h i o n e  

c o n t e n t  of r a t  e r y t h r o c y t e s  and t h e i r  hemolysis by va r ious  agents  

i n  v i t r o .  Canad. J. Biochem. 1961, 38, 981. 

17. Zalk in ,  H., and A.L. Tappel.  S tud ie s  of t h e  mechanism of v i tamin  E 

a c t i o n .  I V .  L i p i d  pe rox ida t ion  i n  the  v i t amin  E - d e f i c i e n t  r a b b i t .  

Arch. Biochem. 1960, 88, 113. 

18. Raiha,  H. Hemolysis of human blood caused by oxygen and i t s  prevent ion  

w i t h  v i t amin  E. Acta p a e d i a t .  (Uppsala) 1966, 44, 128. 

19. Kann, H.E., Jr,, C.E. Mengel, W. Smith, and B. Horton. Oxygen t o x i c i t y  

.: and v i t amin  E. Aerospace' Med. 1964, 35, 840. 

' 20. Taylor ,  D.W. E f f e c t s  of tocophero ls ,  methylene b lue ,  and g l u t a t h i o n e  

on t h e  m a n i f e s t a t i o n s  of oxygen poisoning  i n  v i t amin  E - d e f i c i e n t  r a t s .  

J. Phys io l .  1958, 140, 37. 

21. Horgan, V.J., and J. S t .  L. P h i l p o t .  Attempted e s t i m a t i o n  of organ ic  

peroxides  i n  X- i r r ad ia t ed  m i c e .  B r i t .  J. Radiol .  1954, 27, 63. 



.. 

22. Nengel, C.E., H.E. Kann, and B.D. Horton. S t u d i e s  o f  the hernolyric 

e f f e c t  of i n  v i v o  hyperoxia .  Cl in .  Res. 1964, l2,,60. 

23.  Hengel ,  C.E.,  H.E. Kann, W.W. Smith, and B.D. Horton. E f fec t s  of  in 

v i v o  hyperoxia  on e r y t h r o c y t e s .  I. Hemolysis i n  mice cxposcd t o  

h y p e r b a r i c  oxygenation. Proc.  S O C .  exp. Bio l .  (N.Y.)  1964, 116, 259. 

24. Mengel, C.E., H.E. Kann, Jr.,  A. Heyman, and E. Metz. E f f e c t s  of  i n  

v i v o  hyperoxia  on e r y t h r o c y t e s .  

posure  t o  oxygen under h i g h  pressure .  

11. H e m l y s i s  i n  a human a f t e r  ex- 

Blood 1965, 25, 822. 

25. C a r t v r i g h t ,  G.E. Diagnos t ic  Laboratory Hematplogy, 2nd e d . ,  New York, 

Gruiie and S t r a t t o n ,  1956. 

26. Sinnhuber ,  R.O., T.C. Yu, and T.C. Yu. C h a r a c t e r i z a t i o n  of  t h e  r e d  

p i p e n t  formed i n  t h e  2- t h i o b a r b i t u r i c  a c i d  de te rmina t ion  of oxida-  

t i v e  r a n c i d i t y .  Food Res. 1958, - 23, 626. 

* 27. Sinnliuber, 11.0. , and T.C. Yu. 2 - T h i o b a r b i t u r i c  a c i d  method fo r  the 

measurement of r a n c i d i t y  i n  f i s h i n g  products .  

d e t e r m i n a t i o n  of malonylaldehyde. Food Technology 1958, - 12, 9. 

Hunter ,  F.E., Jr., J.M. Gebicki,  P.E. Hoffs ten ,  J. Weinstein,  and A. 

IT.. The q u a n c i t a t i v c  

28. 

S c o t t .  

f e r r o u s  i o n s .  J. b i o l .  Chem. 1963, I_ 238, 828. 

Swell ing and l y s i s  of ra t  l i v e r  mitochondria  induced b y  

29. Dahle, L.K., E.G. H i l l ,  and R.T. Ilolman. The t h i o b a r b i t u r i c  ac id  re -  

.. a c t i o n  and t h e  a u t o o x i d a t i o n s  o f  p o l y s a t u r a t e d  f a t t y  a c i d  methyl 

< esters .  Arch. Biochem. i962,  - 98, 253. 

30. Hochsrein,  P., and L. E r n s t e r .  Microsomal peroxida t ion  o f  l i p i d s  ar,d 

i t s  p o s s i b l e  role i n  ce l lu la r  i n j u r y  i n  Ciba Foundation Symposium 

on Cel lular  I n j u r y .  London J. and A. C h u r c h i l l ,  1964, pp. 123-134. 

,i 

\ 

. I  
,' ! 

i 
! 

:.. 
f 

.' 

f 



f t 

31. Wills, E.D. The e f f e c t  of i no rgan ic  i r o n  on the  t h i o b a r b i t u r i c  5 ac id  

::is thod f o r  t h e  de t e rmina t ion  of l i p i d  pcrbxtdes .  

P.cta (Amst.) 1964, 84, 475. 

Biochem. biophys.  

32. Yu, T.C., and R.O. Sinnhuber.  2 -Thiobarb i tur ic  a c i d  method f o r  the 

measurement o f  r a n c i d i t y  i n  f i s h e r y  products .  Food Technology 1957, 

-, 11 134. 

33. Bernheim, F., A. Ot to lengh i ,  and K.M. Wilbur. 

l i p i d  i n  normal and i r r a d i a t e d  r a b b i t s .  

S t u d i e s  on bone marrow 

Radiat .  Res. 1956, 5 ,  132. 

‘The t h i o b a r b i t u r i c  ac id  34. Wilbur,  K.M., F. Bernheim, and 0.V. Shapiro.  

r eagen t  as a t e s t  f o r  t h e  ox ida r ion  of u n s a t u r a t e d  f a t t y  a c i d s  by 

v a r i o u s  a g e n t s ,  Arch. Biochem. 1949, 24, 305. 

35. Danon, D. A r a p i d  micromethod fo r  r eco rd ing  r e d  c e l l  osmotic f r a -  

g i l i t y  by cont inuous  decrease  of sa l t  concen t r a t ion .  J. C l in .  Path.  

1963, l6, 377. 

36. Sha fe r ,  A.W., and G.R. B a r t l e t t .  Phosphorylated carbohydrate  i u t e r -  

med ia t e s  of t h e  human e r y t h r o c y t e  dur ing  s t o r a g e  i n  a c i d  c i t r a t e  dex- 

t r o s e .  111. E f f e c t  of i ncuba t ion  a t  37OC wi th  i n o s i n e ,  i nos ine  

p l u s  adenine ,  and adenosine a f t e r  s t o r a g e  f o r  6 ,  10, 14 ,  and 18 

weeks. J. C l in .  I n v e s t .  1962, 41, 630. 

37. Ba r t l e t t ,  G.R. Methods f o r  the i s o l a t i o n  of g l y c o l y t i c  i n t e rmcd ia t e s  

J. Bio l .  Chem. 

c. .. 
by column chromatography wi th  i o n  exchangc r e s i n s ,  

38. B a r t l e t t ,  G.R. Co lo r ime t r i c  a s say  methods f o r  f r e e  and phosphorylated 

g l y c e r i c  a c i d s .  J. B io l .  Chem. 1959, 234, 469. 



39. Bax-;lett, G.K. Phosphorus a s s a y  i n  column chromatography. J .  Bioi. 

chcm. 1959, a, 46G. L, 

40. B e u t l e r ,  E . ,  and M.D. Baluda. S impl i f i ed  de t e rmina t ion  of  blood 

adenos ine  t r i p h o s p h a t e  u s i n g  t h e  f i r e f l y  system. Rlood 1964, 2, 
688. 

41. Lipmann, F. Metabol ic  g c n c r a t i o n  and u t i l i z a t i o n  o f  pliosphatc bond 

energy. Advances Enzym. 1941, I, 99. 

I .  42.  Buclier, T. Problcmc des  c n c r g i e t r a n s p o r t s  innerha lb  lebcndcr  zellcn. 

Advances Enzym. 1953, 14, 1. 


